Composite materials are commonly used in many branches of industry. One of the effective methods to join CFRP parts is the adhesive bonding. There is a search of effective methods for quality assurance of bonded parts. There is a need for pre-and post-bond inspection to ensure proper bonding and verify its quality. Research reported here focuses on post-bond inspection of bonded CFRP parts. In this paper we report investigations of samples that were modified with contamination that can be encountered during the manufacturing process of the CFRP parts. The contaminations were introduced before adhesive bonding, and the effect of the contamination on the quality bond is studied. First of the investigated cases was release agent contamination prepared by dipcoating of clean CFRP plates. The release agent is used during the production of composite elements and can contaminate the surface to be bonded. The second case was the moisture contamination. It was obtained by conditioning of the samples in humid conditions. Moisture contamination can be gained from water-coupled ultrasonics or during transportation of unprotected parts. The third type of contamination had more local character. It simulated fingerprints. Artificial sweat was used. The fingerprint contamination can be caused by improper handling of the parts. Apart from single contamination, also mixed contamination cases were studied, as well as curved samples. The samples were studied in non-destructive approach. It was shown that for some of the cases the detection is possible.
INTRODUCTION
There are a lot of studies focused on the development of techniques that can ensure reliable adhesive bonds. The research reported here aims to non-destructively assess the adhesive bond that was contaminated with substances that can be encountered at the production process of the CFRP structural parts. The pre-bond modifications have an influence on the fracture toughness of the CFRP bonded joints. In this research contaminations were introduced before adhesive bonding, and the effect of the contamination on the quality bond is studied. Three types of contaminations were considered. First case was the release agent contamination. The second case was prepared by moisture contamination. The third type of contamination had more local character. It simulated fingerprints. Apart from the single contaminations, also mixed contamination case was studied. The samples with release agent on the surface were additionally contaminated with finger prints. The influence of pre-bond release agent contamination and moisture absorption was studied destructively before by comparing the mode-I energy release rate (GIC) referring to crack initiation [1] . The lowest considered contamination level with the release agent did not affect the bond. The increase of contamination resulted in at least 60% drop in GIC value in comparison to samples with uncontaminated bonds. The GIC values for samples contaminated with low amount of moisture increased in comparison to references. The higher levels of moisture contamination were characterized by high standard deviation of the GIC values [1] . Bonded samples with the same contaminants were studied with electromechanical impedance showing the changes of RMS (root mean square) values and conductance maximum shift [2] . Apart for the contaminations related to the manufacturing process also contaminates originating of in service are considered. It was shown that the runway de-icing fluid contamination has a negative effect on both mode I and mode II fracture toughness of the bonded joints. The increasing level of contamination results in decrease of the mode I and mode II critical energy release rates [3] . In this paper we report results of five techniques employed for assessment of the bonds. Micro computed tomography, non-linear ultrasound, magnetostrictive sensors, laser shock adhesion test (LASAT) [4] , and the electromechanical impedance (EMI) technique were investigated. The micro computed tomography was used as a referential method giving insight in the porosity of the bond line. The non-linear solitary was were used before for adhesive bond with release agent contamination [5] . Magnetostrictive sensors were used as strain sensors [6] . Changes of strain were investigated for assessing the adhesive bonding. In past the strain gradient were investigated by embedding fibre Bragg grating (FBG) sensors in the samples [7] . The EMI method was investigated for single contaminations with manufacturing origin [2] . In the next section the samples are described together with contaminations types and their possible origin in real parts. The third section presents the five investigated methods. The fourth section contains results for each of the technique. The paper ends with concluding section.
SAMPLES
The material used for samples was Hexcel IM7/M21E. The size of samples was 10 cm x 10 cm. The samples comprised of two plates adhesively bonded together with film adhesive. Each plate was made with 8 plies and layup sequence: [0, 0, 45, -45] S . Reference samples (properly bonded) and samples with bond modification were prepared. The used adhesive was FM 300 K adhesive cured at 171˚C. The reference samples were marked as PRE. One of the investigated bond modifications was based on contamination with silicon-based release agent (PRA). The release agent used was FREKOTE® 700NC. It was applied to the surfaces by dip coating. In order to determine the desired amounts of Si on the surface, following concentrations of Frekote in heptane (vol. %) were used: 1, 2, 3, 4, 5 and 8%. Polymerization was allowed to take place with drying for 30 minutes at ambient conditions followed by a heat treatment for 60 min in the oven at 80°C. The Si concentration on the surface was determined by XPS measurements. Lap shear strength tests were performed and it was observed that lap shear strength decreases with increasing Si concentration on the CFRP surface. A dramatic decrease in bond strength can be observed less than 4at% Si on the CFRP surface. The contamination impact is already visible in the fracture patterns for contamination with less than 2at% Si. Based on this initial results it was decided to prepare samples with the following dip coating solutions: 1, 2 and 4 % of Frekote in heptane. Using the XPS following contaminations on the surface were observed for these solutions: 3.2 (+/-1.0) at% Si (PRA1), 5.1 (+/-0.7) at% Si (PRA2) and 6.2 (+/-0.3) at% Si (PRA3). The moisture contamination was the second one under investigation. The samples to be bonded were dried in an oven at 80°C until the mas became stable. Then they were stored in a climate chamber at 70°C with defined relative humidity for two weeks prior to bonding. There were taken out of the climate chamber and directly bonded to a reference bonding partner. The following relative humidity conditions were adjusted in the chamber: 30% (PMO1), 75% (PM2), and 98% (PMO3). The next contamination -the fingerprint was prepared using salty fingerprint solution according to DIN ISO 9022-12. This solution contains sodium chloride, urea, ammonium chloride, lactic acid, acetic acid, pyruvic acid and butyric acid in demineralized water. Samples were prepared by applying this solution at the surface with the size of a fingerprint. In order to achieve three levels of contamination three solutions in demineralized water were prepared: 10, 50 and pure solution. The amount of contamination was expressed by presence of Na and Cl on the surface measured with XPS. Following contaminations were observed for the chosen solutions: FP1 sample -0.2 (+/-0.1) at% Na and 0.5 (+/-0.3) at% Cl, FP2 sample -0.5 (+/-0.1) at% Na and 0.9 (+/-0.0) at% Cl, and FP3 sample 0.7 (+/-0.1) at% Na and 1.1 (+/-0.2) at% Cl. The mixed contamination case comprised of release agent contamination at the level 1 (PRA1) and two (PRA2) combined with finger print contamination at level 3 (FP3). The same mixed contamination was used for the curved samples. The curved samples were supposed to simulate real aerospace structure. The curvature was obtained by the used mould tool: ex-Lisa Pathfinder thrust cone tool.
METHODS USED FOR STUDYING THE ADHESIVE BONDS
Five methods were investigated for the assessment of the adhesive bonds: micro computed tomography, non-linear ultrasound, magnetostrictive sensors, laser shock adhesion test, and the electromechanical impedance technique.
Micro-Computed Tomography
The µ-Computed Tomography (µ-CT) was used to evaluate the degree of adhesive layer porosity at the bond line and gathering 3D information. The CT testing the system shown in Figure 1a ) was used. The system was especially designed for CFRP applications and for the required resolutions. The sample is placed on the turn-table and at distinguished angles, x-ray images are obtained. Based on the images the 3D data are evaluated. The samples were tested in a form of stacks of three samples within on measurement. Since mainly the centre section of the samples should be tested a regionof-interest of about 60 mm x 60 mm was defined. The voxel grid size was 62 µm x 62 µm x 62 µm. To reduce the image noise, three images at one angle were averaged and the number of projections was chosen to 1600. An example of the data obtained is displayed in Figure 1b The evaluation of the porosity degree was mainly based on front cutting plane images. Due to the thickness of the sample only the layer porosity could be calculated. The layer of porosity was calculated as the sum of pores area in relation to the total investigated area of the sample.
Non-linear ultrasounds
The nonlinear distortion of the driving excitation is detected and analyzed by using scanning laser vibrometer with bandwidth of 1.5MHz. The amplitude of the higher harmonics are recorded and squared to constitute nonlinear intensity spectrum. The quadratic-sum of the HH intensities is employed as a unified parameter of nonlinearity for a given contact interface and used for quantifying and comparing bonding quality for various specimens. In order to achieve higher amplitude of excitation piezo-actuators with a frequency response extended up to 200 kHz were employed. The actuators are vacuum attached to the specimens and can be used for on-site measurements of large aviation components. The actuator is attached to one of the sides of the specimen and nonlinear vibrations produces locally in the area of excitation are measured on the opposite side of the sample as shown in Figure 2 . To receive and analyze the frequency content of vibrations generated locally in the excitation area a scanning laser vibrometer operating in vibration velocity mode with maximum frequency bandwidth of 1.5 MHz was used. The dynamic range of the vibrometer measurements is 100-120 dB which is well beyond the level of nonlinear frequency components. To avoid an impact of reflections on the local vibration in the excitation area, the edges of specimens were covered with dissipative material and rather high vibration frequency was chosen (normally 49 kHz). After Fast Fourier Transform, maximum values of the fundamental frequency vibration velocity ( ) and the HH components ( ) in the excitation area are measured and used for evaluation of the specimen nonlinearity. The amplitudes of the vibration velocities is recorded and squared to constitute vibration energy spectrum. A ratio (N) of nonlinear vibration energy to the energy of the fundamental frequency vibration is used as a measure of nonlinearity which is presumed to depend on the bonding quality. 
Magnetostrictive strain sensing
The strain sensing principle of the technique is based on the special magnetic properties of the magnetostrictive ribbons. In such materials the magnetic permeability is highly dependent on external mechanical loading (Villari effect). It is experimentally proven that some magnetostrictive alloys exhibit large alteration of their magnetic properties even in very low deformation, so they could serve as strain sensors. For this application the ribbons are placed in parallel and they are combined with an adhesive film (3M/AF-163-2k) forming a strain sensitive patch. After the bonding of the sensing patch the inspection of the sample is performed using the prototype inspection system that has been developed by GMI Aero. The data acquisition system is connected to the inductive transducer and also to the computer. The data acquisition system records the signal of the transducer. . On top of the inductive transducer an infrared LED has been attached in order to enable localization by the infrared camera. The infrared camera is connected to the computer through a Bluetooth device providing the data to the sensing software. The parts of the system are following: voltmeter/data acquisition system, an inductive transducer with an attached infrared led, an infrared camera, and a laptop running the sensing software.
Laser shock adhesion test (LASAT)
The LASAT technology uses a laser with power density in the range of 1-5 GW/cm2, pulse duration 7-10 ns and spot diameter 4-8 mm. The interaction between the laser and material leads to the creation of a high pressure plasma (GPa). In reaction, a shock wave inside the material is generated. Shock waves propagation/reverberation creates tensile stress within the structure (Figure 3) . In this application, the interaction is confined using a water layer, allowing a higher pressure than in direct regime [8] . In this study symmetrical setup is used. Instead of shocking the sample only on one side, two laser beams are coming from both sides. The intersection of the two release waves creates a highly localized 
Electromechanical impedance (EMI)
The EMI method is the fifth used in this study. In the EMI method electric quantities of a piezoelectric sensor are measured. This sensor was bonded on the surface of the investigated samples. Due to relatively small samples sizes only one sensor per sample was used. Due to direct and converse piezoelectric effect, the sensor excites the object and senses the response from it. This electromechanical coupling causes that the registered impedance spectra are modified by the presence of the host structure. Various structural factors have its influence on the registered spectra. Appearance of additional resonance peaks, peak shift in frequency or magnitude change can be treated as indicator of change (damage, debonding, etc.) within the object. In order to extract damage related features for the EMI spectra various frequency bands are analysed. In the reported research we limited ourselves to 5 MHz because this was the maximal frequency possible for the used equipment: HIOKI Impedance Analyzer IM3570.
RESULTS

Micro-computed Tomography
At the bond line of the reference samples for production (PRE) layer porosity could be detected with an average of 2.9 % and a standard deviation of 1.2 % (Figure 4 ). The porosity is not even distributed within one sample or among the three samples. The release agent samples for case low contamination (PRA1) show similar results like the reference sample (average: 3.9 %; standard deviation: 0.5 %). The single pores are close to or in the mesh of the spacer. The values for medium and high contamination are 2.4±0.3 and 2.1±0.5, respectively. The next scenario tested was the moisture contamination. The degree of porosity for the high moisture level case (MO3) rages from 3.5 % to 4.3 % with a deviation of 0.4 %. The degree seems quite high and not evenly distributed. The values for MO2 were 3.1±1.1% while for MO1 3.7±0.5%. The evaluation results of the last production case FP are again spread over a value range. For high contamination (PFP3) it is 2.6±1.9 %, medium 0.9±0.4 %, and 1.9±1.1% for the lowest one. In the case of curved samples all three reference samples show missing adhesive between each space of the mesh. The porosity degree is much higher than for the flat samples. In the case of RA1FP3 sample the 3D display of the adhesive bond line shows the gaps between the mesh very clearly. This result represents also the outcome of the other two samples of this set ( Figure 5 ). The second mixed contamination application case is PRA2FP3. The CT images show that the space between the mesh holds no adhesive. 
Non-linear ultrasounds
In Figure 6 , the nonlinear ration values are presented for the samples. The amplitude and error bars correspond to the mean and standard deviation of data measured on the three set of samples for each case. First, we observe that the nonlinearity ratio measured on the references sample show a minimal nonlinearity without contamination of the adhesive joint. Then, we observe a general increase of the nonlinearity and the level of contamination for RA,FP and RAFP. Nonlinear results obtained on MO contamination samples are not coherent with the global trend observe on other kind of contaminations. The results for the curved samples are depicted in Figure 7 . The value and error bars correspond to the mean and standard deviation of data measured for five positions of the transducer on the plate. The results obtained on these samples indicate that the level of nonlinearity decreases when the level of contamination increases. These results are incoherent and are probably due to problems indicated by micro-computed tomography. 
Magnetostrictive strain sensing
The measurements were extracted using the prototype inspection system, in a region close to the centre of the test samples. Initially, the inspection is performed when the test coupon is free and no load is applied to it. Then the test coupon is subjected to four-point bending and inspected again. The data from the two states (loaded -unloaded) are then compared, by subtracting the measured values from the sensing patch. Since no clear visual evidence was possible, a statistical analysis of the extracted data was then performed, in order to increase the level of reliability of conclusions. For each type of contamination the average value and the standard deviation were calculated and compared. the average value gives us an estimation of the repeatability and the general performance of this method, while the standard deviation provides information concerning the uniformity of the strain field. a uniform strain field indicates a healthy state, while a non-uniform strain field indicates potential underling damage. The results for single contaminations were presented in Figure 8 , while for mixed contamination in Figure 9 . In the case of curved samples residual stresses were also observed after the bonding of the sensing patch. It was observed that the sensing patch has almost reached the saturation point, so there is no need to apply external load for the inspection. The illustrates characteristic examples from all types of contamination. The measurements were extracted using the prototype inspection system in a region close to the centre of the sample. There are visual indications that show minor differences between the reference samples and the contaminated ones. Especially in the case of RA2FP3 contamination, it is clear that the measured strain field is not as uniform as in the case of the reference sample ( Figure  10 ). 
Laser shock adhesion test (LASAT)
The investigated samples were divided in 16 equal areas, however, to avoid inhomogeneities, only the four center areas were tested. To determine the sample bond threshold, a series of shots has been performed on the same area, with an increasing laser intensity. After each shot, the area was scanned using ultrasounds if no default was spotted, the laser energy would be increase, until a damage was detected. The intensity rise between two shots has been set at 10% of the maximum intensity achievable by the facility. Results are presented in Figure 11 . The graph shows, the laser flux required to open the bond. The reference sample is represented in blue. A contaminated sample should have a lower threshold than the reference one, If this criteria is met by a sample, it can be deduced that, in this case, the LASAT is effective. According to Figure 11 , the highest degree of moisture contamination (MO3) has the same bond threshold as the reference sample. However lower degrees of contamination show a loss in adherence properties of the specimen. Bond thresholds for all release agent (RA), finger print (FP), and the first two moisture samples are the same.
In the next step the mixed contaminations were investigated. The reference sample was measured once again and the samples with mixed contaminations were tested. The results are presented in Figure 12 . It can be notice that none of the contaminated samples has lower threshold than the reference. 
Electromechanical impedance (EMI)
In previous studies of the samples with moisture, release agent and finger print contamination the bandwidth corresponding to maximum peak of conductance was inspected [9] . The average values of RMS on differential spectra were analyzed. No clear sensitivity to the contamination level was observed. In the research reported here the measured spectra were inspected and a local resonance was identified for the bonded samples in the bandwidth 4.3-4.7 MHz. The location of this resonance peak was tracked for all the samples. The relative frequency shift between the two reference samples is only 0.027 %. All the contaminated samples results are above this threshold ( Figure 13 ). In general the In the case of curved samples the conductance spectra were different that should be assign with different sample geometry. Because of this the highest peak in the spectrum was tracked (the maximum of conductance). The frequency shift calculations were performed in relation to PRE1C samples. The difference between the reference samples is 1.71 % and only three contaminated samples out of six are above this threshold (Figure 14) . The sensitivity to the contamination level was not observed here. 
CONCLUSIONS
In the reported research five techniques were used in order to investigate various scenarios of contaminated adhesive bonds of CFRP parts. Using the µ-Computed Tomography it is possible to evaluate the layer porosity of the bond lines. The values range from 0.9 % to around 4,0 %. The single pores of the different production cases can mainly be detected close to/or inside the spacer mesh. The pore distribution among the three same samples of each application case is varying. This is properly because the samples were cut out of on plate with heterogeneous distribution of pores. A relation of degree of layer porosity and the different intensities (low, medium, high) as well as among the cases was not possible. This is due to the distribution of the pores. In the case of curved samples the reference samples have a very high degree of porosity and it is higher than of the flat reference samples. It is not possible due to the high degree of pores to distinguish among the samples of each set of different mixed contaminations. The ultrasonic studies showed that all kinds of single contaminations result in enhancement of the nonlinear response of the CFRP laminate which is an indication of deterioration of the bonding quality. For each type of contamination, the values of N change noticeably with variation of the contamination level that indicates the sensitivity to the changes in the contaminated boundary layer between the adhesive and the adherents. According to the measurement results, the sensitivity of the nonlinear method is, therefore, sufficient to recognize the effect of contamination on the adhesive bonding. An increase in nonlinearity reveals and quantifies decrease in bonding strength caused by mixed fingerprints and release agent contamination. Since nonlinearity enhances due to "softening" of the material, the increase in N is an indication of "weakening" of the adhesive bonding. The effect of multiple contaminations confirms a cumulative decline of adhesion caused by increase of the contents of single contamination components. The magnetostrictive strain sensing results showed detection of FP1 case. As the contamination spreads it causes a more uniform strain field under mechanical loading. all the cases of mixed contamination for both flat and curved samples were identified. the average value of the obtained data demonstrates that there is good repeatability of this method. the calculated standard deviation of the obtained data indicates that in some cases the strain field contains greater anomalies compared to the reference cases. Moreover, it was observed that in some cases after the bonding of the sensing patch there are residual stresses on the samples which induce a residual strain field. The effect of residual stresses is less noticeable when the magnetostrictive ribbons are placed parallel to the direction of the carbon fibres.
The LASAT technique generated good results for the single contamination samples. It was able to correctly separate sound sample from a contaminated one, regardless of the degree of contamination. A more in-depth study still has to be done concerning the multiple contamination samples. The EMI method allowed to separate the reference samples from the contaminated ones. This was possible for the flat samples. In case of moisture contamination the increasing frequency shift correlates with the contamination level. Due to different geometry of the curved samples another bandwidth was analyzed. Clear differentiation of the reference and contaminated samples was not possible. Other parameter and processing methods are investigated for this task.
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